Introduction
In recent years, studies have shown unequivocally that the use of combination antiretroviral regimens, for either treatment or prophylaxis, during the antenatal, intrapartum and breastfeeding periods in women with human immunodeficiency virus (HIV) infections can reduce the rate of transmission to their infants to less than 5%. [1] [2] [3] The World Health Organization (WHO) has endorsed this approach to the prevention of mother-to-child transmission (PMTCT) of the human immunodeficiency virus (HIV), which it terms the Option B strategy. It is relatively simple, is aligned with adult HIV treatment guidelines, is associated with a reduction in comorbid conditions related to acquired immunodeficiency syndrome (AIDS), and can limit HIV transmission to uninfected partners. 4, 5 In fact, this approach has been extended in many settings into what has been termed Option B+, where antiretroviral therapy (ART) is started during pregnancy for all HIV-infected pregnant women and continued for life. 6 Although maternal antiretroviral regimens have been shown to be highly effective in clinical trials, the results are difficult to replicate fully in real world settings, 7 largely because of inefficiencies in health systems. 8 For example, incomplete uptake of health-care services in a community can result in poor coverage of proven biomedical interventions. 9, 10 In addition, delays in screening patients for their eligibility for antiretroviral prophylaxis or treatment can result in late drug administration. 11 There is also growing evidence in the literature suggesting that, after therapies have been started, treatment adherence and programme retention may be poor among HIV-infected pregnant and breastfeeding women. [12] [13] [14] Research on the implementation of antiretroviral programmes for PMTCT is needed to extend our understanding of the efficacy of these interventions in individuals to their effectiveness in the general population. 15, 16 This broader understanding is urgently needed by policy-makers and programme managers who are planning to adopt or optimize maternal combination antiretroviral regimens for PMTCT in various settings. 6, 17, 18 The aim of this study was to evaluate, at the population level, a pilot PMTCT programme similar to Option B in rural Zambia (Table 1) . Cross-sectional household surveys were performed before and after implementation of the programme to determine whether early childhood survival in the community changed during this time.
Methods

The pilot programme
In April 2009, we implemented a pilot PMTCT programme at four health-care facilities in the rural Kafue district of Zambia using a phased approach. With support from the Zambian Ministry of Health, we offered standard combination antiretroviral regimens to all HIV-infected pregnant women, Objective To evaluate if a pilot programme to prevent mother-to-child transmission (PMTCT) of the human immunodeficiency virus (HIV) was associated with changes in early childhood survival at the population level in rural Zambia. Methods Combination antiretroviral regimens were offered to pregnant and breastfeeding, HIV-infected women, irrespective of immunological status, at four rural health facilities. Twenty-four-month HIV-free survival among children born to HIV-infected mothers was determined before and after PMTCT programme implementation using community surveys. Households were randomly selected and women who had given birth in the previous 24 months were asked to participate. Mothers were tested for HIV antibodies and children born to HIV-infected mothers were tested for viral deoxyribonucleic acid. Multivariable models were used to determine factors associated with child HIV infection or death. A detailed description of the clinical services provided has been presented elsewhere. 19 Briefly, consistent with the standard of care in Zambia, all pregnant women who sought antenatal care were offered opt-out HIV counselling and testing; those who tested positive underwent clinical and immunological (i.e. CD4+ T-cell count) screening. These evaluations were required by national treatment guidelines and were used to determine whether the maternal ART should be continued after breastfeeding. In addition, since virological monitoring was not routinely available, these baseline data were also important for assessing treatment responses. Women who met Zambian national guideline criteria for HIV treatment (i.e. a CD4+ T-cell count less than 350 cells/µl or WHO clinical stage 3 or 4) immediately started lifelong antiretroviral therapy. 20 In our programme, we also offered three-drug combination regimens to women who did not meet these eligibility criteria, starting at 28 weeks' gestation and continuing until the cessation of breastfeeding. The regimens were based on the nucleoside reverse transcriptase inhibitors zidovudine and lamivudine, which were combined with either nevirapine or efavirenz. (At the time, Zambian PMTCT guidelines recommended zidovudine monotherapy for HIV-infected pregnant women from 28 weeks' gestation until delivery and nevirapine peripartum for mother and neonate but no antiretrovirals during breastfeeding.) 21 Although we implemented this pilot programme before 2010, when WHO first recommended antiretroviral prophylaxis during breastfeeding, this regimen closely resembles Option B, as described in later WHO guidelines (Table 1) . 4 
Household surveys
To measure changes associated with the PMTCT programme at the population level, we conducted two household surveys in the catchment areas of the four health-care facilities taking part. We used the methods first introduced in the four-country study to measure the 24-month HIV-free survival in children born to HIV-infected mothers. 22 We assessed survival using methods similar to those used in Demographic and Health Surveys conducted in many African countries. 23 The sampling method was established in the first survey, which was conducted between November 2008 and May 2009, before implementation of the pilot PMTCT programme. Government-demarcated catchment areas were mapped and we randomly selected zones within these communities. These zones were used by each health-care facility's Neighbourhood Health Committee for community outreach. We identified a central point in each zone and used a spin-the-bottle approach to select the starting point for enumeration. 24 Individual residences were then selected at a predefined spacing interval, which was based on the estimated population of each catchment area. The residences were sampled in a clockwise direction until the whole zone had been canvassed. Team members then went to the next zone on the list and started the process anew. In the first survey, sampling continued until 387 eligible households, as defined below, had been surveyed in each community. If the target number was reached midway through a zone, sampling was completed for that zone. The second survey was conducted in the same zones, used the same predefined residence spacing intervals and took place between March and December 2011, at least two years after the PMTCT programme had been introduced at each health-care facility. However, since the starting point for canvassing households in each zone was randomly selected, the two surveys did not necessarily include the same households.
At each household, trained enumerators identified the head of the household and administered a screening questionnaire. If a household member was reported to have given birth in the last two years, written consent was requested for the use of an additional questionnaire with 165-questions to collect more data on the demographic and socioeconomic characteristics of the household and on the medical history of the child's mother. Separate written consent was also requested for the collection of blood specimens from eligible mothers and children. Maternal samples were tested for HIV antibodies and specimens from children who were exposed to HIV (i.e. because their mothers were seropositive) were tested for HIV deoxyribonucleic acid using polymerase chain reaction. In households in which a newborn child had died within the past two years, survey staff administered a comprehensive verbal autopsy questionnaire. 25 If members of a selected household were not available at the time of the initial visit, enumerators returned up to three times and scheduled appointments to meet with either the head of the household or the child's mother or both.
The primary outcome measure was the proportion of HIV-exposed children that were alive and HIV-uninfected at 24 months of age (i.e. 24-month HIV-free survival). We hypothesized PMTCT of HIV and childhood survival rates in Zambia Benjamin H Chi et al.
that the proportion would increase between the two surveys from 50% to 75%. 26 To achieve a power of 80% with an α of 0.05 using the χ 2 test, we needed to enrol 58 HIV-exposed children born within the last two years from each of the four study sites. Assuming an estimated prevalence of HIV infection of 15%, we calculated that we needed to include a minimum of 387 households with a child under the age of two years in each community.
Statistical methods
We compared participants in the two surveys. Differences in categorical variables were assessed using Pearson's χ 2 test after we confirmed that the test's assumptions were valid in each case. Differences in continuous variables were assessed using nonparametric Wilcoxon rank-sum tests. The overall HIV-free survival rate in HIV-exposed children was derived for each survey using a parametric survival model with a Weibull distribution. A Weibull model was considered appropriate following graphical exploration of the baseline hazard. We also examined differences in HIV-free survival between the two surveys in each individual community using the same approach. Further, we identified factors associated with HIV infection or death by calculating adjusted hazard ratio (aHR) using Weibull regression with interval censoring and adjustment for clustering. The variables selected a priori for inclusion in our multivariable models were the PMTCT therapy, maternal age, parity, educational level and marital status, institutional antenatal care, institutional delivery and infant breastfeeding. In addition, a binary variable for whether the data were collected in the first or second household survey (i.e. before or after programme implementation) was included to take into account unmeasured time trends between the surveys. Because extensive information was collected in the household questionnaires, the multivariable models included socioeconomic and children's health factors that were associated with HIVfree survival at a statistical significance level of P < 0.10. A factor was excluded if it did not appear to be independent of other factors included in the proposed model. We controlled for the survey site using the strata option in Stata version 12.1 (StataCorp. LP, College Station, United States of America). Further, to correct for possible correlations within sites, we employed a sandwich estimator to obtain robust standard errors using the vce(robust) option. In addition, because we were interested in the detailed effect of the pilot PMTCT programme on programme outcomes, we used Pearson's χ 2 test to compare the utilization of specific PMTCT services between respondents who took part in the first and second surveys. For all analyses, we considered P < 0.05 to be statistically significant.
The study was approved by the Biomedical Research Ethics Committee of the University of Zambia and the institutional review boards of the University of North Carolina at Chapel Hill and of the University of Alabama at Birmingham in the United States.
Results
In total, 31 zones were visited in each of the two surveys: seven in Chipapa, six in Kafue Estates, nine in Kafue Missions and nine in Mount Makulu. In the first survey, 3636 households were approached, 1947 (53.5%) of which were found to be eligible ( Fig. 1 ). Information about maternal HIV status was available for 1778 (97.2%) of the 1830 children aged under two years in these households; 335 (18.8%) were found to be HIV-exposed. In the second survey, 5801 households were approached, 2441 (42.1%) of which were found to be eligible. Information about maternal HIV status was available for 2386 of 2444 (97.6%) children aged under two years and 390 (16.3%) were found to be HIV-exposed. The geographical distribution of eligible households sampled in the second survey is shown in Fig. 2 -comparable data were not collected in the first survey.
There were significant differences in household and maternal characteristics between the two surveys ( Table 2 ). Socioeconomic conditions were better in the second survey than the first: households in the second survey were significantly more likely to report having a water supply, a finished floor, electricity, a refrigerator, a television and a mobile phone (P < 0.0001 for all). The prevalence of HIV infection among mothers appeared to decline between the surveys, from 18.8% to 16.3% (P < 0.071), and the proportion of women who gave birth 
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at a health-care facility increased from 58.0% to 67.8% (P < 0.0001). The children's' characteristics appeared similar in the two surveys. In particular, there was no significant difference in their median age: 10.9 months in the first survey versus 10.8 months in the second (P = 0.081, Table 2 ).
The cumulative estimated 24-month survival in HIV-exposed children was significantly higher in the second survey than the first: 0.97 (95% confidence interval, CI: 0.95-0.99) versus 0.87 (95% CI: 0.84-0.95), respectively (Fig. 3) . The difference in the estimated 24-month HIV-free survival was even more pronounced: 0.89 (95% CI: 0.83-0.94) in the second survey versus 0.66 (95% CI: 0.63-0.76) in the first (Fig. 4) . These trends were consistent across all four communities. Multivariate analysis showed that the risk of HIV infection or death was significantly lower in the children of mothers who started a combination antiretroviral regimen during pregnancy than in those whose mothers had no antiretroviral prophylaxis (aHR: 0.33, 95% CI: 0.15-0.73). Moreover, even after adjustment for potential demographic and socioeconomic confounders, children in the second survey were less likely to acquire an HIV infection or die than those in the first (aHR: 0.52, 95% CI: 0.34-0.80; Table 3 ).
To assess the contribution of the pilot PMTCT programme to the observed improvement in the HIV-free survival rate in children, we examined differences in the utilization of specific PMTCT services between the surveys. Increases during their last pregnancy (from 13.3% to 45.3%, P < 0.0001; Fig. 8 ).
Discussion
Our study used before and after household surveys to assess the changes, at the population level, associated with a pilot PMTCT programme similar to WHO's Option B. We observed a dramatic increase in the 24-month HIV-free survival rate among children born to HIV-infected mothers in our four targeted communities. However, because our study was not randomized and did not include a control group, we were not able to attribute this improvement to the provision of combination antiretroviral regimens to HIV-infected pregnant women in our pilot programme. Nevertheless, our findings indicate that increased investment in PMTCT can have a positive effect on early childhood health outcomes at the population level even though it was difficult to quantify the influence of individual components of the programme.
Our study had several other limitations in addition to the absence of randomization and the lack of a control group. First, the significant differences observed between our two survey populations, particularly in household indicators of socioeconomic status, were unexpected and could have contributed to a general improvement in health. Although we attempted to adjust for these factors in our multivariate analysis, there remained a risk of residual confounding. Moreover, other studies carried out in these communities between 2008 and 2011 may also have contributed to improved health outcomes. [28] [29] [30] Second, the number of HIV infections and deaths among HIVexposed children was relatively small. However, the use of statistical models to estimate the 24-month HIV-free survival rate in children increased the precision of our estimates. Finally, in this analysis we did not explore reasons for the lower than expected uptake of maternal ART during pregnancy in the four communities. We plan to carry out a secondary analysis using the survey data to address this issue. However, given the likely heterogeneity of participants' characteristics between the study communities, more extensive qualitative research may be needed. PMTCT of HIV and childhood survival rates in Zambia Benjamin H Chi et al.
Although we observed a more than threefold increase in the utilization of combination antiretroviral regimens between the first and second surveys, the rates were modest, at 13.3% and 45.3%, respectively. Since fewer than half of HIV-infected pregnant women received this intervention, it is unlikely that the pilot PMTCT programme alone could have produced such a dramatic increase in HIV-free survival in children. Better survival could, however, be explained by increased coverage of PMTCT and HIV treatment services in our target communities. It is possible that investment at our pilot sites may have resulted in both a greater supply of PMTCT services and an increase in demand. Indeed, we observed that the proportion of HIV-infected women who knew their HIV status during pregnancy increased between the two surveys, as did the proportion who reported HIV testing during their last pregnancy and the proportion that started any form of antiretroviral prophylaxis. It is certainly plausible that community outreach efforts and additional human resources associated with the pilot programme benefited all HIV-infected pregnant women, whether or not they eventually started combination antiretroviral regimens. This broader influence of PMTCT services should be considered when national programmes seek to scale up the implementation of Option B or Option B+. 31 Each step of the PMTCT cascade must be addressed at the health systems level if we are to maximize the effect of interventions implemented during pregnancy and breastfeeding. 32 This study assessed the effectiveness of the pilot PMTCT programme using community-based household surveys, which is one of five approaches endorsed by WHO. 33 However, we encountered several unanticipated challenges. The proportion of eligible households that refused to participate in the first survey was much higher than in the second: 11.3% versus 1.6%, respectively (Fig. 1) . The number of refusals declined at each of the four study sites; the greatest difference was noted in the Kafue Missions catchment area, where the proportion decreased from 22.2% to 1.2%. There was anecdotal evidence that our first survey coincided with the circulation of negative rumours about clinical research, which may explain the high refusal rate. It is important, therefore, that extensive, sustained outreach work be carried out during study implementation. We failed to collect information about which mothers participated in both surveys. However, the overlap is likely to be low because the latest demographic and health survey in Zambia indicated that only 15.2% of women with a recent pregnancy reported the delivery of another child within the previous 24 months. 34 Moreover, since our surveys took place more than two years apart, no HIV-exposed child aged under 24 months could have been included in both surveys. In addition, we acknowledge that our estimates of HIVfree survival have not been validated against a gold standard metric, as could be achieved by longitudinal follow-up of HIV-exposed infants over time. Currently, this is being remedied in a study funded by the United States National Institutes of Health (clinicaltrials.gov ID: NCT01951794). While the precision of our estimates for HIV-free survival requires confirmation, we believe our comparisons are valid because we used the same methods in both surveys. In conclusion, this pilot PMTCT programme in rural Zambia was associated with an increase in the 24-month HIV-free survival in children born to HIV-infected mothers; however, we were unable to quantify the contribution of specific programme features to health outcomes. Increased investment at the pilot sites probably contributed to the observed improvements in health by increasing both the supply of and demand for PMTCT services. Countries planning to incorporate WHO's Option B or Option B+ strategy for PMTCT into their national PMTCT policies should bear in mind the importance of health systems capacity to support the effective incorporation of more efficacious regimens. ■ 
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Вывод Программа ППМР сопровождалась увеличением выживаемости без ВИЧ у детей, рожденных от ВИЧ-инфицированных матерей. Также увеличилось число матерей в сельских общинах, проходящих проверку и лечение ВИЧ-инфекции.
Resumen
Tratamientos antirretrovirales de combinación universal para prevenir la transmisión maternoinfantil del VIH en las zonas rurales de Zambia: un estudio transversal de dos vueltas Objetivo Evaluar si un programa piloto para prevenir la transmisión maternoinfantil (PTMI) del virus de la inmunodeficiencia humana (VIH) está asociado a cambios en la supervivencia en la primera infancia a nivel de población en las zonas rurales de Zambia. Métodos Se ofreció una combinación de tratamientos antirretrovirales a mujeres embarazadas y lactantes infectadas por el VIH, independientemente de su estado inmunológico, en cuatro centros de salud rurales. Mediante encuestas en la comunidad se determinó una supervivencia sin VIH de veinticuatro meses entre los niños nacidos de madres infectadas por el VIH antes y después de la implementación del programa PTMI. Los hogares se seleccionaron al azar y se pidió que participaran las mujeres que habían dado a luz en los 24 meses anteriores. Las madres se sometieron a una prueba para detectar los anticuerpos contra el VIH y se realizó una prueba del ácido desoxirribonucleico viral a los niños nacidos de madres infectadas con VIH. Se utilizaron modelos multivariables para determinar los factores asociados con la infección o muerte por VIH del niño. Resultados En la primera encuesta (2008-2009), 335 de 1778 mujeres (18,8 %) dieron positivo en el VIH. En la segunda (2011), dieron positivo 390 de 2386 (16,3 %) . La supervivencia sin VIH de 24 meses en los niños expuestos al VIH fue del 0,66 (intervalo de confianza del 95 %, IC: 0,63-0,76) en la primera encuesta y del 0,89 (IC del 95 %: 0,83-0,94) en la segunda. La combinación de un tratamiento antirretroviral se asoció con un menor riesgo de infección por VIH o muerte en los niños (razón de riesgo ajustada: 0,33, IC del 95 %: 0,15-0,73). El conocimiento de las madres de su estado serológico, el uso de pruebas para el VIH y los tratamientos combinados durante el embarazo aumentaron en el tiempo transcurrido entre las encuestas. Conclusión El programa PTMI estuvo asociado a un aumento de la supervivencia sin VIH en los niños nacidos de madres infectadas por el VIH. La utilización materna de la prueba y el tratamiento del VIH en la comunidad también aumentó. 
